SummaryFrameshift mutation behavior of human tetranucleotide microsatellites is not known, yet is the key marker to identify elevated microsatellite alterations at selected tetranucleotide repeats. In plasmid-transfected, DNA mismatch repair--deficient cell models, we discovered a deletional frameshift bias for tetranucleotide sequences with deletion of initial insertions through intermediate heteroduplexes.

As many as 50% of all colorectal cancers (CRCs) show some form of DNA mismatch repair (MMR) defect that drives its pathogenesis and/or progression. For instance, germline mutations in the MMR genes *MSH2*, *MLH1*, *PMS2*, and *MSH6* cause Lynch syndrome, a heritable condition in which patients may develop CRC and other gastrointestinal and female reproductive tract cancers. Lynch syndrome CRCs represent approximately 3% of all CRCs.[@bib1] Another inherited human condition is constitutional MMR deficiency, in which patients received 2 mutated MMR genes in their germline, 1 from each Lynch syndrome parent.[@bib1] Constitutional MMR deficiency is extremely rare, and constitutes only a tiny fraction of 1% of all CRCs. Somatic inactivation of *MLH1* via hypermethylation of its promotor region is a common cause for sporadic microsatellite instability (MSI) of CRCs, and constitutes approximately 15% of all CRCs.[@bib2] Lynch-like syndrome, a condition in which CRCs show 2 somatic MMR gene mutations, is observed in 1%--2% of all CRCs.[@bib1] In all of the 4 conditions described earlier, tumors show the biomarker MSI-high (MSI-H), and, in general, the outcome of patients with an MSI-H tumor are more favorable compared with patients with a microsatellite stable (MSS) tumor.[@bib1], [@bib2], [@bib3], [@bib4] Another form of MSI is termed elevated microsatellite alterations at selected tetranucleotide repeats (EMAST). EMAST is observed in 50% of all sporadic CRCs and its detection requires the use of tetranucleotide microsatellite markers that are not currently present in MSI panels.[@bib5] The outcome of patients with EMAST tumors contrasts sharply from patients with MSI-H tumors; patients with EMAST tumors show localized inflammation in the tumor, often show metastasis, and have poor prognosis compared with patients without EMAST tumors.[@bib2]^,^[@bib5], [@bib6], [@bib7], [@bib8] Because EMAST is a somatically acquired biomarker associated with inflammation, it also can be termed *inflammation-associated microsatellite alterations*.[@bib9]

Microsatellites are tandem repeats of short DNA sequences that are 1--6 base pairs (bp) long, with each unit repeated 6 to as many as 30 times, and constitutes approximately 3% of the human genome.[@bib3]^,^[@bib4]^,^[@bib10] These short-sequence DNA repeats are distributed throughout the genome within introns, promoters, and other cis-regulatory regions, and in some exons, and are prone to high mutation rates because of their motif reiterations.[@bib11]^,^[@bib12] It commonly is thought that DNA polymerase pauses at repetitive sequences and transiently dissociates from the template strand during replication. Subsequent incorrect reannealing of the template and newly synthesized strands generate unpaired nucleotide loops on either the newly synthesized strand or the template strand, which results in addition or deletion of 1 or more repeat units of the microsatellites during the next round of DNA replication, and manifests as frameshifts in mononucleotide, dinucleotide, and tetranucleotide microsatellites in the absence of repair.[@bib13], [@bib14], [@bib15] DNA MMR function is essential for recognizing and correcting these intermediate insertion/deletion loops to maintain genome stability.[@bib4]^,^[@bib16]^,^[@bib17] Defective MMR results in accumulation of frameshift mutations at microsatellites that manifests as MSI, and MSI-H is a pathogenic genetic pathway that directs the development and progression of several cancers, including CRC.[@bib2], [@bib3], [@bib4]^,^[@bib15]^,^[@bib18] Clinically, MSI-H CRCs are more resistant to 5-fluorouracil chemotherapy because of a lack of MMR, and more sensitive to immune checkpoint blockade owing to hypermutated genomes and subsequent generation of immune-responsive neoantigens, and increased cell expression of programmed cell death receptor/programmed cell death ligand-1.[@bib2]^,^[@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]

The type of MSI observed in tumors is dependent on the defect in MMR. Using a panel of at least 5 mononucleotide (eg, \[A\]~n~) and dinucleotide (eg, \[CA\]~n~) microsatellite markers, the National Institutes of Health Consensus conference defined MSI-H cancers as tumors with 2 or more of 5 markers frameshifted when compared with nontumor tissue, MSI-Low (MSI-L) as having only 1 frameshifted marker, and MSS as having no markers frameshifted.[@bib27] This definition more accurately identified sporadic MSI-H CRCs, which have somatic hypermethylation of *MLH1* driving its pathogenesis, and identified most Lynch syndrome patients, in which a germline MMR mutation drives its pathogenesis and multiple organ risk for cancer.[@bib1] Inflammation-associated microsatellite alterations or EMAST is observed in a variety of cancers including CRCs.[@bib5], [@bib6], [@bib7]^,^[@bib9]^,^[@bib28], [@bib29], [@bib30], [@bib31] EMAST is not identified with the National Institutes of Health Consensus marker panel because that panel only contains mononucleotide and dinucleotide microsatellite markers. EMAST (in the absence of MSI-H) is an acquired defect that is triggered by an interleukin 6--induced nuclear-to-cytosol shift of the MMR protein MSH3, causing subsequent dinucleotide and tetranucleotide (eg, \[AAAG\]~n~) and longer frameshifts of genomic microsatellites.[@bib32], [@bib33], [@bib34] Overall, tumors defective for *MLH1*, *MSH2*, or *PMS2* would show mononucleotide, dinucleotide, and tetranucleotide frameshifts, whereas tumors defective for *MSH6* would manifest mostly mononucleotide and some dinucleotide frameshifts, and tumors with isolated *MSH3* dysfunction (EMAST) would show dinucleotide and tetranucleotide instability and no mononucleotide frameshifts.[@bib15]^,^[@bib18] The observation that MSI-L tumors nearly always show dinucleotide without mononucleotide instability indicate that MSI-L is driven by MSH3 dysfunction and thus is a component of EMAST.[@bib5]

We and others previously have shown that mononucleotide and dinucleotide microsatellites in the absence of MMR consistently and uniformly frameshift to shorter microsatellite lengths.[@bib35], [@bib36], [@bib37], [@bib38], [@bib39], [@bib40] For this to occur, the insertion/deletion loop needs to occur on the template DNA strand, allowing the newly synthesized DNA strand to anneal a shortened complementary microsatellite sequence.[@bib35], [@bib36], [@bib37], [@bib38], [@bib39] In the absence of *MLH1* or with knockdown of *MSH3*, we initially observed both deletions and insertion length changes at tetranucleotide sequences, suggesting that insertion/deletion loops form at these longer microsatellites on both the template and newly synthesized DNA strand.[@bib32] Here, we created cell models capable of detecting both insertion and deletion frameshifts to examine the mutational dynamics of human tetranucleotide microsatellites in the absence of MMR. Understanding the dynamics helps to understand the function of MMR specifically at longer repeat units, and particularly because tetranucleotide sequences are being considered for future microsatellite panels to identify EMAST.

Results {#sec1}
=======

Creation of +1 and -1 bp Frameshift Reporting Model Systems to Measure Tetranucleotide Microsatellite Length Insertion and Deletion Frameshifts {#sec1.1}
-----------------------------------------------------------------------------------------------------------------------------------------------

We used the human *D9S242* tetranucleotide microsatellite locus to create our model systems because it has been found highly mutable within CRCs and is a commonly used marker locus to determine EMAST.[@bib5]^,^[@bib6]^,^[@bib28] *D9S242* contains 18 repeats of AAAG in its native state; we aimed to investigate insertions and deletions from its native length and at modified lengths of (AAAG)~15~ and (AAAG)~12~ to assess the effects of microsatellite length on mutational behavior within the same locus. The studied tetranucleotide microsatellite lengths cover the similar range of lengths used for EMAST marker panels.[@bib5]^,^[@bib6]^,^[@bib28]^,^[@bib30]^,^[@bib31]

We built on our prior experience in measuring mononucleotide microsatellite deletion mutations[@bib37], [@bib38], [@bib39], [@bib40] by creating pIREShygB--enhanced green fluorescent protein (EGFP) plasmids capable of measuring both deletional and insertional events for tetranucleotide sequences. As outlined in [Figure 1](#fig1){ref-type="fig"}, we constructed an EGFP reporter system containing the 14 bp flanking both the 5' and 3' ends of the various-length *D9S242* tetranucleotide microsatellite sequences immediately after the start codon for expression of EGFP. The flanking sequences are important in maintaining the native mutability of the microsatellite.[@bib39]^,^[@bib40] To accurately measure deletion and insertion mutations, we then placed the EGFP protein reading frame +1 bp and -1 bp out-of-frame at the end of the inserted tetranucleotide sequences to prevent EGFP translation ([Figure 1](#fig1){ref-type="fig"}*A*). In this manner, a deletion frameshift of 1 AAAG repeat in the +1 bp out-of-frame system would restore the protein reading frame to express EGFP; similarly, an insertion frameshift of 1 AAAG repeat in the -1 bp out-of-frame system would restore the protein reading frame to express EGFP. For negative controls, to determine any background mutation rates, we interrupted each tetranucleotide length microsatellite by mutating 2 nucleotides at every third repeat to prevent frameshift mutation (mutation resistant \[MR\]) and placed the sequence -1 bp and +1 bp out-of-frame ([Figure 1](#fig1){ref-type="fig"}*B*). For positive controls, we used the same interrupted sequences as used for the negative controls but placed the sequences in-frame with the EGFP protein reading frame ([Figure 1](#fig1){ref-type="fig"}*C*). All constructs and inserted sequences used for models are listed in [Table 1](#tbl1){ref-type="table"}.Figure 1**Schematic diagrams of experimental and control systems for tetranucleotide microsatellite frameshift detection.** (*A*) EGFP-based microsatellite mutation reporter model system that detects slippage events within the microsatellite repeats. (*B*) Repeat interrupted MR negative control model system that detects background EGFP expression. (*C*) Repeat interrupted MR-positive control model system that expresses EGFP protein (used for flow cytometry calibration). CMV, cytomegalovirus.Table 1Microsatellite Plasmid Constructs With Inserted DNA Microsatellite SequencesMicrosatellite plasmid constructsDNA sequences of microsatellite region in plasmidsD9S242-MR-18-InframeAAGAAAGAAAGAAGACTGAAAGAAAGAGCGAAAGAAAGATCGAAAGAAAGACGGAAAGAAAGACTGAAAGAAAGATGGAAAGAAAGGGAGAGAGAGAGAAAGD9S242-MR-18-(+1 bp) OFAAGAAAGAAAGAAGACTGAAAGAAAGAGCGAAAGAAAGATCGAAAGAAAGACGGAAAGAAAGACTGAAAGAAAGATGGAAAGAAAGGGAGAGAGAGAGAAAGGD9S242-MR-18-(-1 bp) OFAAGAAAGAAAGAAGACTGAAAGAAAGAGCGAAAGAAAGATCGAAAGAAAGACGGAAAGAAAGACTGAAAGAAAGAGCGAAAGAAAGGGAGAGAGAGAGAAAD9S242-AAAG-18-(+1 bp) OFAAGAAAGAAAGAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGGGAGAGAGAGAGAAAGGD9S242-AAAG-18-(-1 bp) OFAAGAAAGAAAGAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGGGAGAGAGAGAGAAAD9S242-MR-15-(+1 bp) OFAAGAAAGAAAGAAGACTGAAAGAAAGAGCGAAAGAAAGATCGAAAGAAAGACGGAAAGAAAGATGGAAAGAAAGGGAGAGAGAGAGAAAGGD9S242-MR-15-(-1 bp) OFAAGAAAGAAAGAAGACTGAAAGAAAGAGCGAAAGAAAGATCGAAAGAAAGACGGAAAGAAAGAGCGAAAGAAAGGGAGAGAGAGAGAAAD9S242-AAAG-15-(+1 bp) OFAAGAAAGAAAGAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGGGAGAGAGAGAGAAAGGD9S242-AAAG-15-(-1 bp) OFAAGAAAGAAAGAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGGGAGAGAGAGAGAAAD9S242-MR-12-(+1 bp) OFAAGAAAGAAAGAAGACTGAAAGAAAGAGCGAAAGAAAGATCGAAAGAAAGACGGAAAGAAAGGGAGAGAGAGAGAAAGGD9S242-MR-12-(-1 bp) OFAAGAAAGAAAGAAGACTGAAAGAAAGAGCGAAAGAAAGATCGAAAGAAAGACGGAAAGAAAGGGAGAGAGAGAGAAAD9S242-AAAG-12-(+1 bp) OFAAGAAAGAAAGAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGGGAGAGAGAGAGAAAGGD9S242-AAAG-12-(-1 bp) OFAAGAAAGAAAGAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGGGAGAGAGAGAGAAA[^1]

We used the MMR-deficient colon cancer cell line HCT116 for our model system because it is devoid of mismatch repair function (MLH1- and MSH3-deficient) ([Figure 2](#fig2){ref-type="fig"}*A*), thus allowing accumulation of microsatellite frameshifts for which we can measure.[@bib41] We assessed EGFP expression via fluorescent microscopy after transfection of the tetranucleotide microsatellite constructs into HCT116 cells and clonal selection ([Figure 2](#fig2){ref-type="fig"}*B--D*). By 48 hours after transfection, in-frame MR constructs readily expressed EGFP, whereas out-of-frame MR constructs did not, confirming their designed roles as positive and negative controls, respectively ([Figure 2](#fig2){ref-type="fig"}*B* and *C*). Cells containing the inserted (AAAG)~18~ in-frame with the EGFP reading frame expressed EGFP by 48 hours after transfection, verifying that a functional EGFP protein was present if in-frame with the tetranucleotide microsatellite ([Figure 2](#fig2){ref-type="fig"}*D*).Figure 2**MMR and EGFP expression of transfected HCT116 cells.** (*A*) Western blot of MMR proteins in HCT116 cells, showing a lack of MLH1 and MSH3 expression. (*B--D*) Fluorescent (GFP) and differential interference contrast (DIC) microscopic images (20×) of identical fields of variations of the (AAAG)~18~ construct. (*B*) Images of positive control (MR-18-in-frame), negative controls (MR-18-\[-1\] out-of-frame and MR-18-\[+1\] out-of-frame) and experimental tetranucleotide constructs (AG-18-\[-1\] and AG-18-\[+1\]) cells 48 hours after transfection. Note EGFP expression was observed only in positive controls. (*C*) Positive control transfected cells showed 96%--97% EGFP expression after hygromycin B selection, whereas negative controls showed no visible fluorescence. (*D*) Cells transfected with the tetranucleotide construct in-frame with EGFP showed expression 48 hours after transfection. OF, out-of-frame; In, in-frame. AG, AAAG.

We used flow cytometry to quantify the accumulation of EGFP-expressing cells, gated by EGFP expression in the positive controls and nontransfected cells ([Figure 3](#fig3){ref-type="fig"}). We assessed EGFP expression in the monoclonal cells weekly for 5 weeks. EGFP expression emerged approximately 2 weeks after stable transfection, with all tetranucleotide length variants accumulating EGFP-positive cells in a linear fashion and at similar rates between the -1 bp and +1 bp out-of-frame constructs ([Figure 4](#fig4){ref-type="fig"}*A*). MR-negative controls for both the +1 bp and -1 bp reporter systems showed very low levels of background spontaneous EGFP expression, with 15--300 EGFP-positive cells 5 weeks after transfection ([Figure 4](#fig4){ref-type="fig"}*B*) compared with accumulated EGFP expression from frameshifts measured in experimental tetranucleotide microsatellite constructs with 3000--15,000 EGFP-positive cells 5 weeks after transfection ([Figure 4](#fig4){ref-type="fig"}*A*).Figure 3**Flow cytometry gating for frameshift mutation detection analysis.** (*A*) Cells were gated based on their size and granularity using forward and side scattering (panels A.1--A.3) to remove cellular debris and unusually shaped cells (gate R1) and to remove doublets (gates R2 and R3). Uniform and average-sized single cells then were gated to separate live from dead cells (gate R4, panel A.4). Subsequently 200,000 live single cells were analyzed for EGFP expression (panel A.5), and EGFP-expressing cells emerged as a separate population (gate R6). (*B*) Gates were set to determine EGFP negative (-) and EGFP positive (+) areas by analyzing nontransfected cells (panel B.1) and cells transfected with interrupted AAAG repeats in-frame with EGFP (panel B.2). SSC, side scattering component.Figure 4**Similar rates of increase in EGFP-positive cells transfected with -1 bp and +1 bp tetranucleotide constructs for each length.** (*A*) (AAAG)~18~ (*left*) (AAAG)~15~ (*middle*), and (AAAG)~12~ (*right*) -1 bp and +1 bp constructs in EGFP-positive cells up to 6 weeks after transfection. Note the Y-axis scale is higher for longer-length constructs. (*B*) EGFP expression in cells transfected with negative controls did not show an increase over time for +1 bp out-of-frame constructs (*left*), but showed some length-independent increase with -1 bp out-of-frame negative control constructs (*right*). Note that the Y-axis scale for negative control transfected cells are almost negligible compared with their uninterrupted repeat counterparts in panel *A*. OF, out-of-frame.

Tetranucleotide Microsatellite Frameshifts Increase in Mutational Frequency Over Time, With Longer Lengths More Prone to Frameshifts {#sec1.2}
------------------------------------------------------------------------------------------------------------------------------------

We determined the mutational frequency of MR (negative control) and tetranucleotide microsatellite (experimental) sequences (proportion of frameshifted mutant cells within the analyzed cells) by using the web-based Fluctuation Analysis CalculatOR (FALCOR) rate calculator that is based on Luria-Delbruck fluctuation analysis (see the Materials and Methods section for more detail).[@bib42] The FALCOR rate calculator is accessible at <http://www.mitochondria.org/protocols/FALCOR.html>. The average mutant frequency for duplicate cell cultures at each time point showed a near-linear increase with both the -1 bp (insertion) and + 1 bp (deletion) out-of-frame constructs ([Figure 5](#fig5){ref-type="fig"}). The mutational frequency was higher for longer-length tetranucleotide microsatellites over shorter ones, with (AAAG)~18~ \> (AAAG)~15~ \> (AAAG)~12~ ([Figure 5](#fig5){ref-type="fig"}*A*). The background mutational frequency observed in MR negative control cells were at least 1 log lower than experimental cells ([Figure 5](#fig5){ref-type="fig"}*B*), which was used to subtract from experimental cell data to accurately determine subsequent mutational rates. MR -1 bp (insertion) construct cells showed a small linear increase over time that was completely absent in the MR +1 bp (deletion) construct cells ([Figure 5](#fig5){ref-type="fig"}*B*). However, mutational frequencies of either MR -1 bp or +1 bp out-of-frame negative control cells did not increase with increased tetranucleotide repeat length, indicating that the occurrence of background frameshifts is independent of the number of repeats in the construct.Figure 5**(*A*) Mutant frequencies (proportion of mutated cells within analyzed cells) increased over time during an exponential cell growth period for uninterrupted tetranucleotide microsatellite repeats.** The average mutant frequency of (AAAG)~18~ was 1.6-fold higher than that of (AAAG)~15~, and 4.2-fold higher than that of (AAAG)~12~ within +1 bp OF system (detecting deletions), and were 2.1- and 3.5-fold higher, respectively, within -1 bp OF system (detecting insertions). The average mutant frequencies of (AAAG)~15~ were 2.6- and 1.7-fold higher than those of (AAAG)~12~ tracks in +1 bp out-of-frame and -1 bp out-of-frame systems, respectively. (*B*) Mutant frequencies of interrupted repeats (negative controls) in +1 bp out-of-frame system were approximately 11-fold smaller than those in the -1 bp out-of-frame system. Note that the Y-axis scale is markedly smaller in panel *B* compared with panel *A*.

We calculated the insertion and deletion frameshift mutation rate (mutations per cell per generation) for each tetranucleotide construct using the Ma-Sandri-Sarkar Maximum Likelihood Estimator method, corrected for their matched negative controls ([Table 2](#tbl2){ref-type="table"}). Longer tetranucleotide sequences showed higher mutation rates over shorter-length sequences with (AAAG)~18~ \> (AAAG)~15~ \> (AAAG)~12~ ([Table 2](#tbl2){ref-type="table"}), and the increase in mutation rates was significant for longer-length sequences for both -1 bp (insertion) or +1 bp (deletion) systems except for detection of deletion frameshifts between (AAAG)~18~ and (AAAG)~15~ ([Table 3](#tbl3){ref-type="table"}). In contrast for the (AAAG)~12~ microsatellite, the +1 bp constructs measuring deletion frameshifts showed higher mutation rates than the -1 bp constructs measuring insertion frameshifts ([Table 2](#tbl2){ref-type="table"}). To ensure that the observed mutation rate differences were not the result of differences in proliferation of the clonal cells (thus affecting DNA replication rates), we determined the cell growth rates and doubling times of both EGFP-positive and EGFP-negative cells for the (AAAG)~18~ -1 bp and + 1 bp systems ([Figure 6](#fig6){ref-type="fig"}). We observed identical growth rates and doubling times for all versions of cells containing the various constructs, indicating that the measured frameshift mutation rates were not influenced by differences in DNA replication rates ([Figure 6](#fig6){ref-type="fig"}). Overall, longer-length tetranucleotide microsatellites are more prone to frameshifts than shorter ones, and deletion frameshift mutation rates are higher than that of insertion frameshift mutation rates for (AAAG)~18~ and (AAAG)~15~, but equivalent for (AAAG)~12~ microsatellites. The combined -1 bp and +1 bp mutation rates were linear as a function of tetranucleotide microsatellite length ([Figure 7](#fig7){ref-type="fig"}).Table 2Mutation Rates of Microsatellites in MMR-Deficient CellsMicrosatellitesMutation rates*P* value[a](#tbl2fna){ref-type="table-fn"}-1 bp OF system, means ± SEM+1 bp OF system, means ± SEMD9S242 (AAAG)~18~34.5 × 10^-4^ ± 0.06 × 10^-4^36.6 × 10^-4^ ± 0.04 × 10^-4^.0012D9S242 (AAAG)~15~23.4 × 10^-4^ ± 0.83 × 10^-4^32.0 × 10^-4^ ± 0.90 × 10^-4^.0198D9S242 (AAAG)~12~16.4 × 10^-4^ ± 1.51 × 10^-4^15.2 × 10^-4^ ± 1.08 × 10^-4^.5983[^2][^3][^4]Table 3Statistical Significance of Mutation Rate Increase-1 bp OF system+1 bp OF systemMicrosatellite lengths*P* value[a](#tbl3fna){ref-type="table-fn"}Microsatellite lengths*P* value[a](#tbl3fna){ref-type="table-fn"}18 vs 15.023218 vs 15.060018 vs 12.026318 vs 12.015915 vs 12.041315 vs 12.0039[^5][^6]Figure 6**Frameshift rates are not influenced by differences in their DNA replication rates ( \>0.8).** Stably transfected cells were sorted and 10,000 cells from each group were plated onto 6-well plates. Cells were trypsinized, collected, and counted at 48, 96, and 168 hours for subsequent calculations. The 1-way analysis of variance (ANOVA) method was used for statistical analysis. Data are means ± SEM. OF, out-of-frame.Figure 7**Overall mutation rates as a function of tetranucleotide microsatellite length.** Mutation rates estimated from +1 bp out-of-frame and -1 bp out-of-frame systems were summed for each length.

Tetranucleotide Frameshifts Show a Distinct Deletion Bias in its Mutational Spectra {#sec1.3}
-----------------------------------------------------------------------------------

Six weeks after exponential growth, we sorted EGFP-positive and EGFP-negative cells to determine the degree of accumulation of frameshift alterations within the (AAAG)~18~, (AAAG)~15~, and (AAAG)~12~ microsatellites via colony polymerase chain reaction (PCR) amplification and DNA sequencing ([Figures 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"} and [Table 4](#tbl4){ref-type="table"}). Some colonies from both +1 bp and -1 bp systems contained overlapping DNA sequences indicative of intermediate mutant cells containing heteroduplex DNA,[@bib35]^,^[@bib37] with the -1 bp system measuring insertions showing overall 28.5% of cells as heteroduplex compared with 8.5% of the +1 bp system measuring deletions ([Figures 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}). EGFP-negative cells from the +1 bp system for each tetranucleotide length was more than 90% mutation free ([Figure 8](#fig8){ref-type="fig"}*A--C*) whereas EGFP-negative cells from the -1 bp system were 79%--89% mutation free ([Figure 9](#fig9){ref-type="fig"}*A--C*) owing to the higher percentage of heteroduplex DNA. In examining the 709 EGFP-positive, single-cell colonies from both the -1 bp and +1 bp systems, we noted that some of the (AAAG)~18~, (AAAG)~15~, and (AAAG)~12~ microsatellites were at native length ([Figures 8](#fig8){ref-type="fig"}*D--F* and [9](#fig9){ref-type="fig"}*D--F*). There are 3 potential explanations: (1) daughter cells from DNA heteroduplexes contain the native length microsatellite and retain EGFP positivity, (2) there may be more than 1 copy of the plasmid in cell clones, and/or (3) there are continual mutations after insertion frameshifts that revert back to the microsatellite's native length. To examine plasmid copy number, we performed Southern blot analysis, which showed that cells transfected with (AAAG)~18~ in the -1 bp system and (AAAG)~12~ in +1 bp system possessed a single plasmid, whereas other cells harbored 2 or 3 copies of its plasmid ([Figure 10](#fig10){ref-type="fig"}). Thus, it remains possible that not all copies of the tetranucleotide microsatellite sequence in EGFP-positive cells frameshifted and could be responsible for the detection of native length sequences. However, this fact would not alter the calculation of the mutation rates significantly because the cell had at least 1 copy frameshifted to become EGFP positive. The fact that cells transfected with (AAAG)~18~ in the -1 bp system and (AAAG)~12~ in the +1 bp system had only 1 plasmid copy suggests that the third possibility of continual deletion mutations after insertion frameshifts likely occurs, allowing reversion back to the microsatellite's native length sequence.Figure 8**Deletional mutation spectra of tetranucleotide microsatellite sequences within MMR-deficient cells (+1 bp out-of-frame system).** Genomic DNA isolated from (*A--C*) EGFP-negative and (*D--F*) EGFP-positive cells carrying (*A* and *D*) (AAAG)~12~, (*B* and *E*) (AAAG)~15~, and (*C* and *F*) (AAAG)~18~ repeats were used to amplify DNA fragments containing the inserted tetranucleotide repeat and cloned to determine frameshift mutation distribution. The number of colonies counted for each repeat length is shown on the Y-axis. *Black bars* represent the frequency of the original (preframeshifted) repeat lengths, and *blue bars* represent the frequency of frameshifts. *N* indicates the total number of screened colonies within each group.Figure 9**Insertional mutation spectra of tetranucleotide microsatellite sequences within MMR-deficient cells (-1 bp out-of-frame system).** Genomic DNA isolated from (*A--C*) EGFP-negative and (*D--F*) EGFP-positive cells carrying (*A* and *D*) (AAAG)~12~, (*B* and *E*) (AAAG)~15~, and (*C* and *F*) (AAAG)~18~ repeats were used to amplify DNA fragments containing the inserted tetranucleotide repeat and cloned to determine frameshift mutation distribution. The number of colonies counted for each repeat length is shown on the Y-axis. *Black bars* represent the frequency of the original (preframeshifted) repeat lengths, and *blue bars* represent the frequency of frameshifts. *N* indicates the total number of screened colonies within each group.Table 4Mutational Spectra of +1 bp and -1 bp Systems by DNA SequencingMicrosatellitesMutational spectra (% of colonies)-1 bp OF system+1 bp OF systemD9S242 (AAAG)~18~36.0% deletions71.7% deletions24.2% one-repeat93.2% one-repeat48.5% two-repeat6.7% two-repeat13.6% three-repeat9.0% heteroduplexes13.6% five or more repeat15.7% wild type15.3% heteroduplexes3.6% one-repeat insertions25.1% wild type23.5% insertions93.0% one-repeat7.0% four or more repeat insertionsD9S242 (AAAG)~15~37.5% deletions70.2% deletions28.6% one-repeat95.7% one-repeat71.4% two-repeat4.3% two-repeat26.8% heteroduplexes11.9% heteroduplexes32.1% wild type17.9% wild type3.6% one-repeat insertionsD9S242 (AAAG)~12~4.1% deletions76.7% deletions40.0% one-repeat94.6% one-repeat60.0% two-repeat5.4% two-repeat38.8% heteroduplexes4.1% heteroduplexes40.8% wild type19.2% wild type16.3% one-repeat insertions[^7][^8]Figure 10**Analysis of plasmid insertion number by Southern blot.** (*A*) *kpnI* digest of pIREShygB-EGFP plasmid was electrophoresed on 1.0% agarose gel and a 4.0-kb band was cut out to prepare a DIG-labeled DNA probe as described in the Materials and Methods section. (*B*) *BamHI* digested genomic DNAs and copy number standards were prepared and hybridized with the DIG-labeled 4.0-kb DNA probe at 50ºC as described in the Materials and Methods section. Cells transfected with (AAAG)~18~ repeats in the -1 bp out-of-frame system and (AAAG)~12~ repeats in the +1 bp out-of-frame system showed single-copy insertions, whereas other cells harbored more than 1 copy of plasmids. Repeats of (AAAG)~18~ and (AAAG)~15~ in the +1 bp out-of-frame system contained 2 integration sites with 1 copy at each site. Repeats of (AAAG)~12~ had 3 integration sites with 1 copy at each site, whereas repeats of (AAAG)~15~ had 2 integration sites, but appeared to have more than 1 copy of plasmid tandemly inserted at each site. gDNA, genomic DNA; OF, out-of-frame.

EGFP-positive cells from the +1 bp system designed to measure deletion frameshift mutations showed remarkable consistency for losing 1 repeat unit of the tetranucleotide microsatellite (∼70% of colonies for each of \[AAAG\]~18~, \[AAAG\]~15~, and \[AAAG\]~12~) ([Figure 8](#fig8){ref-type="fig"}*D--F* and [Table 4](#tbl4){ref-type="table"}). Deletion of 2 repeat units of the tetranucleotide microsatellite occurred in 4.3% to 6.7% of colonies among the 3 repeat lengths ([Table 4](#tbl4){ref-type="table"}). Insertions were observed for only 3.6% of colonies from (AAAG)~18~.

EGFP-positive cells from the -1 bp system designed to measure insertion frameshift mutations showed evidence for a broad and diverse mutational spectrum compared with the +1 bp system, showing both insertions and deletions at DNA sequencing for all 3 tetranucleotide microsatellite lengths ([Figure 9](#fig9){ref-type="fig"}*D--F*). Although designed to measure 1 repeat unit insertions, we observed that only 23.5% of (AAAG)~18~, 3.6% of (AAAG)~15~, and 16.3% of (AAAG)~12~ constructs in cells had tetranucleotide repeat insertions ([Table 4](#tbl4){ref-type="table"}). With (AAAG)~18~, some insertions consisted of more than 2 tetranucleotide repeat units ([Table 4](#tbl4){ref-type="table"}). Among the (AAAG)~18~ and (AAAG)~15~ constructs, deletions made up the majority of clones observed (outside of heteroduplexed DNA), which suggests continual deletion frameshift mutation of insertions (and formation of heteroduplexes) ([Table 4](#tbl4){ref-type="table"}). Deletions consisted of up to 2 repeat units for the (AAAG)~12~ and (AAAG)~15~ microsatellites, and as many as 8 repeat units for the (AAAG)~18~ microsatellite, indicating that longer tetranucleotide sequences have more opportunity for larger deletion slippage. In combination between the +1 bp and -1 bp systems, there were 77.8% deletions vs 22.2% insertions, with 78.9% of all observed frameshifts being 1 AAAG repeat unit, 16.1% being 2 repeat units, and 5.1% being 3 or more repeat units. Overall, our results suggest that tetranucleotide repeat expansions (insertions) are not favored and are more prone to be converted to shorter lengths in the absence of MMR activity.

Discussion {#sec2}
==========

In this report, we created cell reporting systems containing tetranucleotide microsatellite sequences derived from the human locus *D9S242* to measure both deletion and insertion frameshift mutation behavior in real time and accumulation over time in the absence of competent DNA MMR. We observed the following using these created MMR-deficient cell reporting systems: (1) tetranucleotide microsatellite mutation frequency increases with the length of the microsatellite, (2) tetranucleotide microsatellite mutation rates are linear as a function of microsatellite length, (3) deletion mutation rates for longer tetranucleotide microsatellites are higher than insertion rates but equivalent between deletions and insertions for shorter tetranucleotide microsatellites, and (4) there is accumulation of excessive deletion mutation events compared with insertion events by more than a 3-to-1 ratio over time for tetranucleotide microsatellites. We show that tetranucleotide frameshift mutation has a distinct deletional mutational bias over time. This study measured and compared insertion and deletion mutation rates and the resultant mutational spectra for a human tetranucleotide microsatellite sequence.

In comparing tetranucleotide microsatellite frameshifts with mononucleotide microsatellite frameshifts, it is not surprising that longer repeat lengths showed higher mutation rates, and our findings for tetranucleotide microsatellite frameshifts mirror those observed for mononucleotide microsatellite frameshifts.[@bib38] Because sequences flanking the microsatellite can modify the mutation rate of a microsatellite sequence,[@bib39]^,^[@bib40] we used the same flanking sequence in all of our experiments to remove this potential variable from mutation rate measurement. Heteroduplex DNA readily was observed in our constructs for both the -1 bp and +1 bp systems and also have been reported previously.[@bib35], [@bib36], [@bib37], [@bib38] Heteroduplexes carry unequal lengths of the microsatellite on each DNA strand and indicate transition via intermediate alleles. Each heteroduplex may undergo more than 1 mutation transition event (eg, insertion followed by deletion back to the native original number of repeats). Our observation of native original tetranucleotide microsatellite lengths, particularly in the -1 bp system, indicate reversion of insertion to deletion to return to the original number of repeat units.

Our observed deletional mutational bias for tetranucleotide microsatellite frameshifts indicates that there is a preference for competent MMR to correct unpaired loops on the template DNA strand over unpaired loops on the newly synthesized strand during DNA replication. Insertions do occur for tetranucleotide microsatellite slippage mistakes, but because of heteroduplex intermediates, insertions often are converted into deletions, contracting the number of the microsatellite repeat units. We note the mutational spectra of colonies that possessed 1 sole genotype (combining both +1 bp and -1 bp systems) showed that (AAAG)~12~ had 62.3% deletions (86.4% had 1 repeat unit) and 37.7% insertions (all 1 repeat unit), (AAAG)~15~ had 97.1% deletions (75% had 1 repeat unit) and 2.9% insertions (all 1 repeat unit) and (AAAG)~18~ had 79.1% deletions (68.6% had 1 repeat unit) and 20.9% insertions (93.9% had 1 repeat unit and 6.1% had ≥4 repeat units). Thus, the shorter the tetranucleotide microsatellite, the more likely that a deletion is only 1 repeat unit, which should be taken into account on fragment analysis if used in MSI panels.

Tetranucleotide microsatellite sequences are not currently a part of the classic MSI panel to determine MSI-H or MSS in cancers because the panel solely contains mononucleotide and dinucleotide microsatellite markers.[@bib27] This panel misses determination of inflammation-associated microsatellite alterations or EMAST, which is the most common MMR defect in CRC as well as being observed in multiple other cancers.[@bib5]^,^[@bib28] EMAST also is observed in non-neoplastic tissues such as ulcerative colitis and hamartomatous polyps.[@bib43]^,^[@bib44] Because EMAST prognosticates patients with several cancers, including those with CRC, determining its presence has value.[@bib5], [@bib6], [@bib7] EMAST also may have value in determining the risk of neoplasia from ulcerative colitis.[@bib43] EMAST is caused by nuclear-to-cytosol displacement of MSH3 as a result of inflammation and/or oxidative stress, and can be determined only if the MSI panel has mononucleotide, dinucleotide, and tetranucleotide microsatellite markers present to examine the biochemical signature of isolated MSH3 deficiency and exclude MLH1, PMS2, and MSH2 function loss.[@bib5]^,^[@bib7]^,^[@bib15]^,^[@bib31]^,^[@bib43]^,^[@bib44] Thus, tetranucleotide microsatellite markers may be added to traditional MSI panels as the importance of EMAST as a prognostic marker becomes more realized.

Here, we examined the dynamics of tetranucleotide frameshift mutation in the absence of DNA MMR because of an initial observation that appeared to be different than what we observed with mononucleotide frameshift mutation.[@bib32] There were some limitations to our study. Because some cells contained more than 1 copy of some constructs, there were more targets in those cells for frameshifts to potentially occur and theoretically could modify the calculation of the mutation rate slightly. This is despite that restoration of the EGFP reading frame in just 1 single construct would be enough to detect the cell as EGFP positive by flow cytometry. On the other hand, with some cells having more than 1 copy of a construct, the detection of some native-length tetranucleotide sequences could mean that there was EGFP positivity with some constructs without frameshifts. Thus, our detection of native-length tetranucleotide sequences could mean there was a construct that did not frameshift mutate in a cell, or that heteroduplexes that expanded subsequently contracted down to the native length. Based on cells in which there was clearly only 1 copy of the construct, heteroduplexes with continual deletion mutation after insertion frameshifts occur, with reversion back to the microsatellite's native length.

In summary, tetranucleotide microsatellites that undergo frameshift mutation when MMR is defective can expand and contract in length owing to insertion and deletion of repeat units but shows a distinct deletional mutation bias suggesting that MMR preferentially repairs insertion/deletion loops on the template DNA strand. Longer tetranucleotide microsatellites have an increased propensity for larger DNA slippage events in the absence of MMR.

Materials and Methods {#sec3}
=====================

Generation of EGFP Frameshift Reporting Plasmids {#sec3.1}
------------------------------------------------

We developed microsatellite frameshift detection systems for the *D9S242* human tetranucleotide locus using the previously established pIREShyg2-EGFP vector.[@bib35], [@bib36], [@bib37], [@bib38], [@bib39], [@bib40] The pIREShyg2-EGFP plasmid vector contains *pmeI* and *AscI* sites just after the start codon of *EGFP* and was linearized by using these restriction enzymes (New England Biolabs, Ipswitch, MA) to generate a 3' blunt end (*pmeI* site) and a 5'-GCGC overhang (*AscI* site) for directional cloning of microsatellite inserts. Compatible forward and reverse AAAG repeat oligos at different lengths (\[AAAG\]~18~, \[AAAG\]~15~, and \[AAAG\]~12~) surrounded by the *D9S242* locus flanking nucleotide sequences (14 bp from both 5' and 3' directions) with a 5'-CGCG overhang and 3' blunt end were synthesized (Integrated DNA Technologies, Inc, San Diego, CA), annealed and then directionally cloned within the *EGFP* gene between the *pmeI* and *AscI* recognition site right after the ATG start codon to generate repeat plasmid-containing constructs (pIREShyg2-EGFP\[AAAG\]~18~, pIREShyg2-EGFP\[AAAG\]~15~, and pIREShyg2-EGFP\[AAAG\]~12~). Thereafter, the protein translation reading frame of downstream EGFP within each construct was shifted by +1 and -1 bp using the Quickchange II site-directed mutagenesis kit (Stratagene, La Jolla, CA) so that plasmids do not express EGFP protein. Deletion and insertion of 1 or more AAAG repeat units resulting from slippage mutations restores the reading frame of EGFP, and EGFP-expressing cells were quantified by flow cytometry to determine mutation rates and spectra ([Figure 1](#fig1){ref-type="fig"}*A*). Negative control plasmids were constructed by changing 2 nucleotides in every third AAAG repeat for each length to prevent frameshifts and placed out-of-frame with EGFP ([Figure 1](#fig1){ref-type="fig"}*B*). A mutation-resistant, microsatellite repeat--interrupted, positive control plasmid in frame with the EGFP sequence that expressed EGFP protein was prepared to use for calibration of the flow cytometry ([Figure 1](#fig1){ref-type="fig"}*C*).

Plasmids were transformed into Stbl2 competent bacteria (Life Technologies, Inc, Rockville, MD); ampicillin-resistant single colonies were amplified in overnight cultures and DNA was isolated from bacterial cells using the mini prep kit (Qiagen, Valencia, CA) as per the manufacturer\'s instructions. Isolated DNAs were subjected to PCR amplifications using primers flanking the inserted ;microsatellite sequences (forward: 5'-ATTGACGCAAATGGGCGGTA-3'; reverse: 5'-CTTCATGTGGTCGGGGTAGC) followed by DNA sequencing using sequencing primers (forward: 5'-GAACCCACTGCTTACTGGCT-3'; reverse: 5'-GCTGAACTTGTGGCCGTTTA-3') to confirm the accuracy of the inserted microsatellites.

Stable Transfection and Generation of Monoclonal Cell Lines {#sec3.2}
-----------------------------------------------------------

The human colon adenocarcinoma cancer cell line HCT116 (*MLH1*^-/-^ and *MSH3*^-/-^) was obtained from American Type Culture Collection (Manassas, VA) and cultured in Iscove's Modified Dulbecco's Medium + GlutaMAX (cat. 31980030; Life Technologies, Inc) supplemented with 10% fetal bovine serum (cat. 160000-44; Life Technologies, Inc), 1% penicillin-streptomycin (50 mg/mL solution, cat. 15140122; Life Technologies, Inc), and 0.2% Normocin (50 mg/mL solution, cat ant-nr-2; InvivoGen, San Diego, CA). Cells were seeded in 6-well plates 2 days before transfection and transfected with 2 ug of one of the prepared plasmid constructs ([Table 1](#tbl1){ref-type="table"}) using the Amaxa Cell Line Nucleofector Kit V (cat. VCA-1003) (optimized for the HCT116 cell line) and the Amaxa Nucleofactor II device by following the manufacturer's instructions on nucleofection of adherent cell lines (Lonza, Cologne, Germany).

Selection by hygromycin B (50 mg/mL solution, cat. 10687-010; Life Technologies) started 1 day after transfection at the predetermined required dose for HCT116 cells (400 ug/mL) for 14 days. After 2 weeks of selection, polyclonal cells were pooled and cultured in media containing 200 ug/mL hygromycin B and subsequently subjected to single-cell sorting using MoFlo Astrios (Beckman Coulter, Inc, Brea, CA) to establish monoclonal cell lines. Genomic DNA was isolated from monoclonal cell lines using the QIAamp DNA mini kit (cat. 51304; Qiagen) and analyzed by PCR and DNA sequencing for microsatellite inserts and their accuracy as described earlier.

Sorting and Analysis of Cells by Flow Cytometry {#sec3.3}
-----------------------------------------------

MoFlo Astrios with Summit V6.2.3.15613 software (Beckman Coulter, Brea, CA) was used for cell sorting and analysis of mutant cells. Approximately 10,000 nonfluorescent cells from each monoclonal line were sorted onto 12-well plates with media containing 200 ug/mL hygromycin B. Sorted cells were expanded to keep them in exponential growth in 100-mm plates for 5 weeks and duplicate cultures were analyzed each week to quantify the EGFP-expressing mutant population. At approximately 80% confluency, 100-mm cell plates were trypsinized (0.05% trypsin--EDTA, cat. 25300-054; Life Technologies), pelleted, and resuspended in 2 mL Dulbecco's Phosphate-Buffered Saline containing 1% bovine serum albumin with the addition of 2 drops of ReadiDrop Propidium Iodide (cat. 135-1101; Bio-Rad, Hercules, CA) and then 200,000 alive, single cells were analyzed to determine EGFP-expressing frameshift mutant population and mutation rates. Propidium iodide--stained and unstained HCT116 cells and HCT116 cells transfected with positive control plasmid expressing EGFP were used as controls to set up gates in a flow cytometer.

Estimation of Mutation Rates, Frequencies, and Spectra {#sec3.4}
------------------------------------------------------

### Mutation rates {#sec3.4.1}

We used the program FALCOR, a web tool designed for use with Luria-Delbruck fluctuation analysis to calculate the mutation rate and frequency.[@bib42] Mutation rates were calculated by the Ma-Sandri-Sarkar Maximum Likelihood Estimator method and expressed as mutations at microsatellites per cell per generation.

### Mutation spectra {#sec3.4.2}

At the end of the sixth week, cells from EGFP-negative (nonmutated) and EGFP-positive (mutated) populations were sorted on MoFlo Astrios for genomic DNA isolation. Forward (5'-ATTGACGCAAATGGGCGGTA-3') and reverse (5'-CTTCATGTGGTCGGGGTAGC-3') primers were used for PCR amplification of a 550-bp DNA fragment containing the inserted microsatellite region from genomic DNAs using Q5 Hot Start High-Fidelity 2× Master Mix (cat. M0494S; NEB, Ipswich, MA). PCR amplicons were run on 1.7% agarose gel and approximately 550-bp DNA fragments were cut out, DNAs were isolated, and then cloned into pMiniT vector using the NEB PCR cloning kit (cat. E1202). Individual colonies from transformation plates were screened for their microsatellite inserts by colony PCR. Q5 Hot Start High-Fidelity 2× Master Mix and cloning analysis forward (5'-ACCTGCCAACCAAAGCGAGAAC-3') and reverse (5'-TCAGGGTTATTGTCTCATGAGCG-3') primers were used for colony PCR amplifications. After the PCR, amplicons were cleaned up with ExoSAP-IT (Affymetrix, Santa Clara, CA) and then analyzed for repeat insertions and deletions by DNA sequencing to determine mutational spectra.

Protein Isolation and Western Blot Analysis {#sec3.5}
-------------------------------------------

### Protein isolation {#sec3.5.1}

Cells were cultured in 100-mm cell plates, at the 70%--90% confluence levels, washed with ice-cold Dulbecco's Phosphate-Buffered Saline twice, and then lysed in the plate with 300 uL radioimmunoprecipitation assay buffer (cat. 89900; Thermo Scientific--Pierce), supplemented with 2 mmol/L phenylmethylsulfonyl fluoride (cat. P7626; Sigma) and protease inhibitor cocktail (cat. P-2714; Sigma). Cell lysates were transferred into prechilled 1.5-mL microcentrifuge tubes, vortexed, and then incubated on ice for 15--30 minutes, with vortexing at 10-minute intervals. Lysates were clarified by centrifugation at 14,000 rpm (13,000 × g) at 4°C for 15 minutes and stored at --80°C until ready for analysis. Protein concentrations were determined using the Thermo Scientific Pierce BCA Protein Assay Kit (product 23225) according to the manufacturer's instructions.

### Protein gel electrophoresis, Western blot, and antibody labeling {#sec3.5.2}

Proteins were prepared and separated on 4%--12% NuPAGE Bis-Tris precast mini gel using the XCell *SureLock* Mini-Cell electrophoresis unit (Invitrogen) according to the manufacturer's instructions. Approximately 35 ug protein was loaded into each well and run along with Novex Sharp prestained protein standards from Invitrogen (cat. LC5800) and all blue precision plus protein standards from Bio-Rad (cat. 161-0393). Protein samples were transferred onto a polyvinylidene difluoride membrane by Western blot using the XCell II Blot Module (Invitrogen) according to the manufacturer's instructions. Membranes were blocked with SuperBlock T20 (tris-buffered saline) blocking buffer (cat. 37536; Thermo Scientific) and then incubated with the following primary antibodies: *hMLH1* 1:1000 (cat. 554073; BD Biosciences, San Jose, CA), *hMSH2* 1:1000 (cat. 556349; BD Biosciences), *hMSH6* 1:500 (cat. 610919 BD Biosciences), *hMSH3* 1:500 (cat. 611390; BD Biosciences), and α-tubulin 1:7500 (cat. 62204; Thermo Scientific). Primary antibodies were detected using the Pierce goat anti-mouse IgG horseradish peroxidase secondary antibody (Thermo Scientific) 1:5000. Restore Western Blot Stripping Buffer (cat. 21059; Thermo Scientific) was used to remove the antibody from the blot for reprobing with a different antibody. The blots were developed using Immobilon Western Chemiluminescent horseradish-peroxidase substrate (Millipore, Burlington, MA) and visualized by ImageQuant LAS4000 (GE Healthcare Bio-Sciences Corp, Piscataway, NJ).

Southern Blot Analysis {#sec3.6}
----------------------

### DNA probe {#sec3.6.1}

A Digoxigenin-labeled DNA probe was synthesized using the DIG High Prime DNA Labeling and Detection Starter Kit II according to the manufacturer's instructions (cat. 11585614910; Roche, Basel, Switzerland). The pIREShygB-EGFP plasmid was digested with kpnI and run on 1% agarose gel and the 4.0-kb band DNA fragment was cut out and purified to use as the DNA template ([Figure 10](#fig10){ref-type="fig"}).

### Southern blot {#sec3.6.2}

Genomic DNAs from transfected and nontransfected HCT116 cells were digested with BamHI, which cuts plasmid DNA once outside of the probe region, and purified with phenol-chloroform extraction. The DNA fragments were separated by electrophoresis on 0.8% agarose gels overnight at 20 volts. DNA gels were depurinated in 250 mmol/L HCl for 10 minutes, denatured in 0.5 mol/L NaOH, 1.5 mol/L NaCl for 30 minutes, neutralized in 0.5 mol/L Tris-HCl (pH 7.5), 1.5 mol/L NaCl for 30 minutes, equilibrated in 10× standard saline citrate and Southern blotted onto positively charged nylon membranes (11209299001; Roche). The blots were UV cross-linked, hybridized with the DIG-labeled 4.0-kb DNA probe at 50ºC, and detected according to the manufacturer's instructions. The blots were visualized by ImageQuant LAS4000 (GE Healthcare Bio-Sciences Corp). Copy number standards were prepared by spiking BamHI digests of nontransfected HCT116 genomic DNA with 0, 1, 3, 5, 10, 25, and 100 copies of the pIREShygB-EGFP plasmid, electrophoresing on 0.8% gel, blotting onto membrane, and hybridizing with the DIG-labeled 4.0-kb DNA probe at 50ºC as described earlier.
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[^1]: OF, out-of-frame.

[^2]: NOTE. Mutation rates were calculated by the Ma-Sandri-Sarkar Maximum Likelihood Estimator method and corrected for their negative controls. Rates are expressed as mutations at microsatellite sequence per cell per generation.

[^3]: OF, out-of-frame.

[^4]: Between mutation rates of -1 bp OF and +1 bp OF systems.

[^5]: OF, out-of-frame.

[^6]: The *t* test with 1-tailed distribution and unequal variance was used.

[^7]: NOTE. Wild-type refers to the native sequence in the construct. Each repeat unit is 1 AAAG.

[^8]: OF, out-of-frame.
